Abstract: Food production in 2050 will be sufficient, globally, but many of the poor will remain food insecure. The primary cause of food insecurity will continue to be poverty, rather than inadequate food production. Thus, policies and investments that increase the incomes of the poor will remain the best ways to extend food security to all. Investments that promote growth in sustainable agriculture and provide non-farm employment opportunities in rural areas of lower income countries will be most helpful. There will be sufficient water, globally, to achieve food production goals and sustain rural and urban livelihoods, if we allocate and manage the resource wisely. Yet, water shortages will constrain agricultural production and limit incomes and livelihood opportunities in many areas. Policies and investments are needed to extend and ensure access to water for household use and agricultural production. Challenges requiring the attention of policy makers and investors include increasing urbanization and increasing demands for land and water resources. Policy makers must ensure that farmers retain access to the water they need for producing food and sustaining livelihoods, and they must create greater opportunities for women in agriculture. They must also motivate investments in new technologies that will enhance crop and livestock production, particularly for smallholders, and encourage the private sector to invest in activities that create employment opportunities in rural areas.
Introduction
The Millennium Development Goals (MDGs), and their targets pertaining to 2015, motivated notable advances in poverty reduction, and in the health and welfare of women and children in many lower
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Successful efforts to supply sufficient food will include closing yield gaps in lower income countries, in part by increasing the use of better seeds and fertilizer, improving resource management, and enhancing the technology of crop production through advances in genomics and phenomics [9] [10] [11] [12] [13] . In addition, public officials must choose policies and investments that encourage increases in agricultural productivity on large and small farms, and in irrigated and rainfed settings [14] [15] [16] . Yet, even with success in producing sufficient food, globally, food insecurity will remain a serious issue in some regions and countries where per capita food consumption will remain inadequate [7] .
Global incomes are expected to rise substantially by 2050, yet areas of notable poverty will persist in some countries, particularly in sub-Saharan Africa. The per capita annual income in 2050 likely will remain below $1000 in 15 of the 98 lower income countries examined by Alexandratos and Bruinsma [7] . Average daily food consumption might remain below 2700 kcal per person in 16 of the 98 countries. Those 16 countries will be home to a population of 800 million. By comparison, an estimated 4.7 billion people (52% of global population) will live in countries with national daily averages of more than 3000 kcal per person in 2050, up from 1.9 billion (28%) in 2011 [7] .
Estimates of the increase in food production required to ensure food security in 2050, from the global perspective, range from 60% to 100% above the production achieved in 2005 [17] . Those proportions are notably higher than the rate of increase in population to 2050, due largely to the increasing demands and changing preferences for food, that come with higher incomes. Household and per capita food consumption will increase in many countries, and many residents will consume more meat and vegetables. Those commodities, particularly beef, generally require more water and other productive inputs than grains, per calorie of food consumed [18] . The increasing demand for meat will place additional pressure on limited water resources in some regions. The projected increases in food demand, when realized, will reflect substantial improvement in food and nutritional security for those households with sufficient income to afford adequate food supplies.
As in the present, much of the food and nutritional insecurity that persists in 2050 will be found largely in poor households in countries with lower gross incomes and in areas where depleted or degraded natural resources no longer support viable livelihood activities for smallholders. The primary cause of food insecurity will be the persistent poverty that prevents households from gaining access to sufficient food and nutrition, particularly during periods of notable scarcity and high prices. Thus, the policies and investments most likely to enhance food security will be those that promote economic growth and increase incomes, particularly in rural areas, where many of the world's poor are engaged in agriculture. Substantial public and private-sector investments and policy interventions are needed between now and 2050, particularly in agriculture, to reduce poverty, increase incomes, and ensure food security for all.
The extent and severity of food insecurity in 2050 likely will correspond to the extent and depth of dollar-based poverty. In 2007, an estimated 47% of the world's poor earning less than $1.25 per day lived in South Asia, while 31% and 17% lived in sub-Saharan Africa and South Asia and the Pacific, respectively [19] . Just 2.3% of the world's poor earning less than $1.25 per day lived in Latin America and the Caribbean. Projecting future poverty levels and geographic distribution is imprecise, given the many factors that influence livelihoods and incomes. Edward and Sumner [20] examine several scenarios reflecting alternative assumptions regarding economic growth. They suggest that the number of poor earning less than $2.00 per day might increase or decline by 2030, yet they do not expect extreme poverty to be eradicated. In their most optimistic scenario, 300 million persons will live in extreme poverty in 2030.
The authors suggest also that even if the number of poor earning less than $2.00 per day decreases, the number of moderately poor persons might increase. In their view, it is likely that 50% to 70% of the global population in 2030 might earn less than $10 per day.
Water Resources
The volume of water withdrawn for irrigation, globally, will increase from 2.6 billion km 3 in 2005-2007 to an estimated 2.9 billion km 3 in 2050, with most of the net increase occurring in lower income countries [21, 22] . The irrigation requirement (i.e., the consumptive use portion of irrigation withdrawals) is estimated to increase from 1.27 billion km 3 to 1.34 billion km 3 . Generally, there are sufficient freshwater resources to support this modest increase, although substantial water scarcity will persist in the Near East and North Africa, South Asia, and elsewhere. Water scarcity will intensify in areas where current rates of surface water and groundwater withdrawals are not sustainable, such as the North China Plain and portions of Central and South Asia [23] [24] [25] .
Many analysts have suggested there will be sufficient water to produce the food needed in 2050 to support a global population of 9 to 10 billion, provided we allocate and manage water wisely, and we achieve notable gains in agricultural productivity [12, [26] [27] [28] . Wise allocation and use involves understanding the role of water in crop and livestock production, and also in municipal, commercial, and industrial uses, and in the provision of ecosystem services. The demands for water will continue increasing with the size of the global population, with rising incomes, and with successful efforts to extend water supply and sanitation to all residents of urban and rural areas, particularly in lower income countries.
Meeting these increasing demands will require that policy makers provide effective leadership in communicating water scarcity conditions, allocating developed water supplies appropriately, encouraging wise use in all sectors, and conveying accurate perspectives regarding opportunities to enhance the broad spectrum of benefits obtained from water in productive and environmental uses. In countries with substantial numbers of smallholder farmers, policy makers must ensure access to land and water for agricultural households, whose livelihoods and food security are closely linked to the small amounts of land and water they utilize in producing crops and raising livestock.
Water scarcity will constrain agricultural production and livelihood activities in many additional areas in 2050, as the demands for water in agriculture and other sectors continue to increase. Land and water allocation between sectors will become an increasingly challenging political decision, with notable social and economic implications, as cities expand into agricultural areas, and as commerce and industry require additional water supplies. Smallholder farmers in peri-urban areas will be at risk of losing access to land and water to support their agricultural livelihoods. Persistent work is needed in policy and investment arenas, particularly in lower income countries, to extend and ensure access to water for household use and agricultural production.
Issues and Challenges

Urbanization
The rate of growth in global population is slowing, yet the population will continue increasing for many years, in both rural and urban areas. Projections suggest that the global population will reach 9 to 10 billion, before stabilizing and eventually declining. The declining rate of growth, in aggregate, will reduce to some degree the demand pressures on land and water resources [7] . Yet, local and regional resource issues will remain important and will require critical attention, particularly in countries where population growth remains strong, and where food insecurity persists. The proportion of the population living in urban areas in China has increased from 17% in 1978 to 50% in 2010, thus requiring the conversion of large areas of farmland during years of notable growth in population and in aggregate food demand [29] .
Most of the net increase in global population between 2015 and 2050 will occur in urban areas of lower income countries. The increasing urbanization in many regions and the potential impacts of climate change on crop and livestock production add urgency to the question of whether or not food demands will be met in sustainable fashion. It is also essential that the food produced in 2050 is accessible and affordable to everyone, in the interest of achieving national and household food security in all countries.
Increasing urbanization will impact the volume and quality of water available for agriculture, particularly in peri-urban areas [30] . Substantial public and private investments in wastewater capture, treatment, and reuse will be needed to protect public health and to utilize both the water and the nutrients in effluent streams. As cities expand and urban populations increase, it will become increasingly important to capture the nitrogen, phosphorus, and other plant nutrients in wastewater, and to use those nutrients again in agriculture. Efforts to ensure that farmers in peri-urban areas retain access to water for irrigation will be needed, also, particularly when efforts to collect and treat wastewater are implemented.
Technological advances for capturing and treating wastewater in rural areas of lower income countries will improve water quality and enhance the safety and effectiveness of wastewater irrigation, particularly on smallholder farms [31] . Research regarding business models for generating income through the collection, treatment, and sale of wastewater products will encourage private companies to provide wastewater service in areas not served by public collection and treatment programmes [32] [33] [34] [35] . Public agencies also can provide initial funding for entrepreneurs wishing to start new businesses in effluent collection, treatment, and processing, either as sole proprietors or in the form of public-private partnerships [36, 37] .
Agriculture and Rural Poverty
Even with increasing urbanization, much of the global population, and many of the poor, will live in rural areas and earn their living in agriculture in 2050. The rural population will decline by about 50% in China by 2050, while declining by just 9% in India, and increasing by 49% in Ethiopia (Table 1) . Across Africa, the rural population will increase by 48%, while decreasing by 8% in South Asia and by 20% in Southeast Asia. Globally, the rural population will decline by just 7% by 2050 (Table 1) . Thus, investments in agriculture in lower income countries will be remain critical in raising incomes of the poor and enabling them to achieve household food and nutritional security. Smallholder crop and livestock production contributes directly to household and national food security by enhancing home consumption and providing a source of affordable food in local and regional markets [39, 40] . Smallholder production provides households with the income needed to purchase the crop and livestock products they do not produce. Income also can be saved, as cash or in the form of durable assets, for purchasing food in years when crop production is impaired by inadequate rainfall. Savings are needed also when local food prices rise sharply, due to disruptions in local or international markets. Income from crop production also enables households to purchase meat and vegetables, thus enhancing household nutrition.
Smallholder agriculture is evolving along somewhat different trajectories in Africa and Asia, although the starting points also are quite different. Changes in the average farm size in both regions are determined largely by rural population density, as most rural residents engage in agriculture, and the amount of land available is essentially fixed [41] . Hazell [42] projects that the average annual growth rate in the rural population of Africa will slow from 2.8% during 1990 to 2010, to 1.35% from 2011 to 2030, and to just 0.63% from 2030 to 2050. By contrast, the projected average annual growth rates in the rural population of Asia are −0.35% for 2011 to 2030 and −0.83% for 2030 to 2050. These represent a substantial decline from the rate of 0.32% observed from 1990 to 2010. Thus, the average farm size in Asia likely will begin increasing, while the average farm size in Africa will continue to decline through 2050 [41] .
In all areas, smallholders will become linked more closely with commercial traders and market chains, although the pace and degree of such interactions will vary notably across countries and regions. This will create both opportunities and challenges for smallholder farmers with limited experience interacting in formal markets. The increasing demand for agricultural output in both domestic and international markets should provide the impetus for public and private sector efforts to increase the productivity of crop and livestock production. Substantial investments are needed, particularly in Africa, where perpetually low rates of fertilizer application and inappropriate soil management practices have resulted in nutrient mining of farm soils for many years [43, 44] . Sanchez and Swaminathan [45] have characterized the "crisis in soils" in Africa as a "quiet catastrophe" that has evolved over decades.
The impacts of climate change might be particularly severe on smallholders, given their limited adaptation opportunities. Small households with limited finance and little or no access to irrigation might be forced to seek new livelihood activities if the changes in temperature and rainfall preclude them from continuing to grow crops and raise livestock. Policy makers must evaluate both the global and local implications of climate change, while considering also the differing impacts on large farms and smallholders, as they select interventions that will ensure food security for smallholders engaged in crop, livestock, and fish production.
Water Use in Agriculture
Agriculture will continue to be the largest user of developed water resources in most countries, often accounting for 70% or more of water withdrawals from rivers, reservoirs, and aquifers. Increasing demands for water in cities and industries, and for environmental flows, will reduce the volume of water available for agriculture in many areas. Yet, globally, the volume of water transpired in crop and livestock production must increase between now and 2050, if we are to increase food production. Farmers in many regions must adapt to having less water available for irrigation, while facing increasing demands for their products. Innovations in technology and investments in education and training with regard to managing water in both irrigated and rainfed settings are needed to achieve sustainable agricultural production.
Several authors have suggested that agriculture must "produce more food with less water" in future, given the increasing demands for water in competing sectors [28] . While compelling at first read, this phrase is not sufficiently precise, as it does not distinguish between the water diverted and applied to farm fields, and the water transpired in the process of generating crop yields. Much of the water applied in irrigation runs off the ends of farm fields or percolates into shallow groundwater, where it is available for use again in irrigation or for some other purpose. Only the water consumed by crops in the process of transpiration, and the water that evaporates from plant and soil surfaces, are "lost" from the system at this point in the hydrologic cycle. Opportunities for saving water through investments in technology are limited by the extent to which water is lost in each setting.
The distinction between water diverted and water transpired is important when considering water requirements for food production. The relationship between crop yield or biomass and the amount of water transpired is largely linear for a given cultivar and production setting [46] [47] [48] . Thus, in a given setting, absent a technological advance, higher yields can be generated only by transpiring more water. Similarly, more water will be transpired in agriculture as planted areas are expanded in pursuit of higher aggregate production. Advances in crop production technology, including genetic enhancement, can modify the yield-transpiration relationship, such that more output is produced per unit of water transpired. Yet, absent major advances in technology, the amount of water transpired in agriculture will increase between now and 2050.
The water required to support additional transpiration in 2050 can come from several sources, including new development of surface water and groundwater resources for use in agriculture, and better efforts to capture and re-apply surface runoff and utilize shallow groundwater directly in crop production [49] [50] [51] . Farmers also can reduce evaporation and improve distribution uniformity by replacing surface irrigation methods with drip systems and micro-sprinklers, where feasible [52] , and they can minimize transpiration by non-beneficial plants by removing vegetation from irrigation canals. Such efforts to optimize water use are consistent with the notion of sustainable agricultural intensification, in which higher yields are achieved with given resources, while reducing negative impacts on the environment and enhancing natural capital [52] .
Competing demands in other sectors and public demands for environmental amenities will limit the amount of new development of surface water and groundwater for agriculture in many regions. Yet, many farmers can improve water management in ways that reduce non-beneficial evaporation and increase the portion of applied water that is transpired beneficially by crops. Farmers also can increase the amount of crop yield obtained per unit of water transpired by assuring that other essential inputs are available in adequate supply. Agricultural productivity generally is higher when high-quality seeds, soil moisture, plant nutrients, and farm chemicals are applied in sufficient amounts and at the appropriate times during the season.
Climate Change
The potential impacts of climate change influence the outlook regarding future gains in agricultural productivity. Some production areas will become warmer and drier, while others will receive more annual rainfall, although the timing of the additional rainfall might not be optimal from a seasonal crop production perspective [53] . Some regions likely will experience reductions in agricultural output, particularly in arid areas where water supplies already are limited. Other areas might experience beneficial changes in cropping patterns and increases in crop yields, with warmer temperatures and longer growing seasons [54] [55] [56] . Higher concentrations of CO2 will increase the yields of C3 crops (e.g., wheat, rice, barley, sugarbeets, and cotton) in some areas, while higher ozone concentrations will have an offsetting, negative impact in others [57] . In large countries such as China and India, the impacts of climate change and the appropriate policy responses and investments could vary substantially across production regions [56, [58] [59] [60] .
Livestock systems also are subject to potentially substantial impacts of climate change, with notable implications for food security and welfare, particularly in lower income countries [61] [62] [63] [64] . Sustained high temperatures can impair livestock health and productivity, directly, while water shortages and higher ozone levels in the atmosphere can reduce the yields of livestock feed [65] [66] [67] [68] . The potential impacts of climate change might be substantial in the livestock sector, as grazing and mixed rain-fed systems account for 70% of all ruminants and two-thirds of the milk and meat they produce, worldwide [65] .
The net effects of climate change on crop and livestock production will influence efforts to achieve national food security in some countries. Poor residents of lower income countries are particularly vulnerable to climate-change induced impairment of food security, given their limited ability to modify production and consumption activities [69] . Rainfed production, which accounts for 80% of global cropland and 60% of global food output, might be notably affected by climate change, particularly in arid and semi-arid areas [70] . Yet, efforts to mitigate or adapt to climate change should not preclude interventions that increase crop yields and improve farm incomes in the near term. Successful efforts to increase fertilizer use in Africa and to reduce groundwater overdraft on the Indo-Gangetic Plain are needed urgently, yet they might increase the variance in farm output in a climate change scenario [71] .
Climate change also can impact the availability and quality of both surface water and groundwater, with implications for agricultural production and for associated ecosystems. The increasing variability in rainfall can influence the flow of water in surface systems and the rates of recharge and discharge from aquifers [72, 73] . Currently, an estimated 38% of the global irrigated area depends on groundwater [74] .
Further research is needed to describe more fully the potential effects of climate change on groundwater dependent ecosystems, yet the impacts are thought to be larger in arid regions, on shallow aquifers, and on ecosystems already stressed in advance of climate change [72, 75] . Improvements in the representation of groundwater systems in river basin models that normally highlight surface water, will enhance understanding of climate change impacts, given the importance of groundwater system characteristics in determining the number and duration of droughts [76] [77] [78] .
Further study of interactions involving groundwater withdrawals, irrigation, and climate change will provide insight for policy makers considering adaptation strategies. Ferguson and Maxwell [79] show that the impacts of irrigation on groundwater storage and stream discharge in a semi-arid basin in the southern United States are quite similar to the simulated impacts of a 2.5 °C rise in temperature. The implications of this research, as described by the authors, are twofold: (1) Many semi-arid basins in which groundwater supports irrigation might already be experiencing some of the potential impacts of climate change; and (2) The actual impacts of climate change might be exacerbated by the additional stress placed on aquifers that support irrigation. Thus, policy makers might need to regulate groundwater pumping in semi-arid irrigated basins.
The increased frequency of major weather events and unexpected changes in weather patterns, brought about by climate change, might also cause more frequent occurrence of crop failures in key production regions, causing short-term reductions in food supplies and consequent price increases, as happened in 2008 and 2011. Given this likelihood, some degree of coordination among countries in establishing regional grain reserves that could be released in times of production shortfalls might limit the harmful effects of higher food prices on poor households during periods of regional crop failure. The cost of maintaining such a reserve might be shared by both importing and exporting countries.
National governments and donors must continue investing in measures that enhance adaptation to climate change at both regional and household levels, such as water storage structures, conjunctive use of groundwater and surface water, wastewater capture and reuse, and research that generates more resilient production systems for smallholders. Policy makers must also protect and sustain the upland areas and mountainous regions where much of the world's water supply originates.
Protecting Water Resources
In several key production regions, water resources are over-exploited or degraded in ways that are not sustainable. In large areas of South and East Asia, including northwestern India and the North China Plain, groundwater withdrawals exceed the rates of natural recharge, and aquifers are in decline [23, 80, 81] . Millions of households depend on water for production in such regions, and yet the over-exploitation cannot continue indefinitely [82] . Policy interventions are needed urgently, to achieve the necessary reductions in water withdrawals in a planned and gradual manner, while assisting households in pursuing alternative livelihood activities. Investments in groundwater treatment and pollution reduction also are needed, as many residents depend on groundwater for drinking and other household uses [83] .
Improvements in irrigation efficiency in northwestern India and on the North China Plain will not be sufficient to eliminate the overdraft of groundwater, if the aggregate consumptive use of water continues to exceed the natural rate of recharge [23] . Reductions in consumptive use can be achieved by growing crops that require less water per season and by reducing the area planted, yet such efforts will reduce household net income and impact the regional economy. Irrigation supplies can be augmented somewhat by capturing and utilizing rainfall that, otherwise, would evaporate, yet the potential net gains from such activity are limited [23] ). In areas where substantial rainfall occurs only in short seasons, efforts to capture more of the water in aquifers, for use later in the year might enhance irrigation and other water-dependent activities during the dry season [84] .
Groundwater use in agriculture and other sectors has increased substantially since the middle 20th century, and in many areas, annual groundwater withdrawals exceed the rate of natural recharge. Global groundwater withdrawals in humid to semi-arid areas have increased from an estimated 312 km [85] . Most of the increased withdrawals and depletion are attributed to the increasing use of groundwater for irrigation, in response to rising demands for agricultural output.
Technological advances during the 1950s through the 1980s, including high-capacity pumps and affordable, small-scale pumps and tubewells, also facilitated the rapid increase in groundwater pumping across large areas of North America, South Asia, and northern China [86] [87] [88] [89] [90] . Grogan et al. [91] find that groundwater mining accounts for 20% to 49% of gross irrigation water demand in a large portion of China, assuming all demand is met. Given this estimate, the authors suggest that 15% to 27% of China's current crop production is made possible by mining groundwater. Subsidized energy prices have contributed to the increase in groundwater pumping in South Asia [92] . Policy makers must consider issues pertaining to water, energy, and food production in a comprehensive manner, to determine the optimal plan for regulating groundwater pumping, while minimizing unintended impacts.
Optimizing the conjunctive use of surface water and groundwater will enhance the sustainability of irrigated agriculture in many regions, particularly in areas where excessive withdrawals cause costly increases in groundwater pumping depths, or the return flows from agriculture degrade water quality in receiving streams [87, 93, 94] . Siderius et al. [95] demonstrate the economic viability of conjunctively managing groundwater and rainfall in a tank irrigation system in Andhra Pradesh, India. The higher yields obtained of rice, groundnuts, and sugarcane generate sufficient revenue to offset the cost of rehabilitating the tank system at the start of the six-year experiment, while providing substantial net income per hectare of irrigated land.
Shah [96] reviews India's Groundwater Recharge Master Plan, designed to raise groundwater levels in the post-monsoon season to three meters below ground level. The programme will involve annual "managed artificial recharge" of 36.4 km 3 of water, using an estimated four million spreading-type recharge structures. While commending the intent of the ambitious recharge programme, the author recommends greater focus on the most depleted basins, while also utilizing the 11 million private dug wells already constructed by Indian farmers. In addition, Shah [96] recommends revising energy tariffs to encourage farm-level support for the groundwater recharge programme.
As in many areas of India, farmers in the Indus River Basin of Pakistan practice a de facto form of conjunctive use, as they utilize many small wells for irrigation, in combination with canal water deliveries [97] . Farm-level benefits vary with location along each delivery canal, as farmers located further from a turnout rely more on groundwater than do farmers located more closely. Access to groundwater provides many farmers with a higher degree of security regarding their water supply and enables them to optimize the timing of irrigation events. Thus, crop yields and cropping intensities generally are enhanced in groundwater zones. However, some degree of coordination will be required to prevent salinization of farm soils [97] , which can impair agricultural productivity and degrade water quality in rivers and shallow aquifers.
The ability to monitor and analyze changes in groundwater levels has been notably enhanced in recent years with the development of satellite-based gravitational techniques for measuring changes in aquifer storage. Many researchers have used data gathered by the Gravity Recovery and Climate Experiment (GRACE), a multi-year research programme funded jointly by the United States and Germany, to characterize changes in aquifer storage in Africa, Asia, the Middle East, Australia, and in North and South America [98] [99] [100] [101] [102] [103] [104] [105] [106] . The characterizations, made possible by satellite coverage, are particularly helpful to water resource analysts and policy makers in regions where conventional data describing changes in aquifer storage are not readily available.
Policies and Investments
Technology for Sustainable Agriculture
Much has been learned in the last 50 years, regarding the role of technology in improving water management, increasing crop yields, and enhancing farm incomes. Many farmers in arid and semi-arid regions have adopted drip and sprinkler irrigation systems, while many also laser level their fields, and many deliver fertilizer via their on-farm irrigation systems in a process known as fertigation [107] [108] [109] . Optimizing the use of water and nutrients in crop production, planting hybrid varieties of some crops, using higher quality seeds, and implementing new methods of pest control, have contributed to the large and sustained increases in crop yields observed in many countries since the 1960s and 1970s [110] [111] [112] [113] .
Genetic improvements in crop varieties also have increased household incomes and enhanced food security in some areas. The adoption of Bt cotton production by smallholders in central and southern India has enabled households to consume larger amounts of more nutritious foods, thus generally improving their dietary status [114] . Other countries also are exploring the potential for increasing agricultural output with genetically improved crops. The National Technical Committee on Crop Biotechnology in the Ministry of Agriculture of Bangladesh has approved the import of Golden Rice, fruit-and shoot-borer resistant Bt eggplant, late blight resistant potato, insect resistant Bt chickpea, and ring spot virus resistant papaya for contained trials [115] .
In Sri Lanka, micro-propagation via tissue culture of an improved banana variety has enabled smallholder rice farmers to diversify their cropping pattern and earn additional income [116] . Kabunga et al. [117] observed similar results in a survey of 385 diversified smallholder farming households in the Central and Eastern Provinces of Kenya. Farmers adopting tissue culture technology for vegetative propagation of bananas increased their farm and household incomes by 116% and 86%, respectively, due largely to higher net yields and beneficial adjustments in the mix of inputs. Food security was improved through higher incomes and larger amounts of bananas for home consumption.
Agriculture can benefit also from advances in technology that do not involve genetic enhancement. Advances in biotechnology can improve the detection and control of plant diseases, while biofertilizers and biopesticides can enhance plant nutrition and pest control [118] . Similar advances are available for use in livestock production and in aquaculture. Molecular-based serological techniques have notably improved animal health in lower income countries, while molecular-based pathogen detection systems are used to detect viruses in all countries producing commercial shrimp [118] .
Continuous investment in research and development of technologies that will enhance smallholder crop, livestock, and fish production is essential. Improvements in crop and livestock genetics, and in production techniques that enable farmers to increase production with limited land and water resources are needed by smallholders, along with supporting investments in education, training, and outreach. Private sector investments and public-private partnerships will enhance the pace at which new technologies are developed and implemented.
Investing in Rainfed and Irrigated Production
The remarkable increases in agricultural productivity achieved since the 1960s have enabled farmers in many countries to produce sufficient food to support the world's population as it has increased from about 3 billion in 1960 to more than 7 billion in 2015. Much of the gain in aggregate output has been achieved through the expansion of planted area, while much has come also from higher yields. Much of the additional food production required by 2050 must come from further increases in crop and livestock yields, given the high costs and environmental impacts of continuing to expand agricultural area. Further investments in both rainfed and irrigated areas are needed to ensure that crop and livestock yields will continue increasing at a pace that is sufficient to feed a global population of 9 to 10 billion in 2050.
Irrigated agriculture accounts for about 20% of cultivated area, worldwide, while generating an estimated 40% of crop production [38, 119, 120] . Yields are notably higher with irrigation, in part because farmers apply larger amounts of fertilizer and farm chemicals when they have some control over the timing and amount of soil moisture in their fields [121] . Much of the world's food supply in 2050 will come from irrigated farms, yet much will also come from farms that rely fully on rainfall and those that supplement rainfall with partial irrigation. In many countries, achieving national food security in 2050 will require investments and interventions in both irrigated and rainfed areas.
Substantial research has been conducted in recent years on methods for improving water management in rainfed areas, such as rainwater harvesting, plant nutrient strategies, cropping systems, mulching, tillage, and other soil and water conservation practices [122, 123] . Efforts to extend improved methods of farming in rainfed conditions will improve incomes and enhance livelihoods in areas where poverty is correlated with low crop yields and inadequate use of fertilizer and modern seeds [11, 124] .
Advances in agricultural technology will enable many farmers to increase production in rainfed and irrigated settings. Yet, technology, alone, will not be sufficient to completely offset limitations regarding land, water, and other natural resources. Accurate water accounting and water balance studies will be needed in many areas to identify the most appropriate interventions for increasing agricultural productivity with limited water supplies. In addition, public officials must support efforts to ensure that farmers have affordable access to complementary inputs, such as high-quality seeds, plant nutrients, and farm chemicals.
Closing the Yield Gaps
Continuous public investments are needed in the development of new technology and in technical assistance to support smallholder crop, livestock, and aquaculture production. Many rural households will remain engaged in agriculture in 2050, and their production will contribute to local and regional food supplies, while also enhancing household incomes. Closing the large gaps that exist between smallholder yields and those obtained on larger farms and experiment stations will serve both to increase food supply and enhance effective demand for food at household and community levels. New crop varieties, better methods of producing current varieties, and enhanced outreach by crop and livestock extension specialists are needed.
Evidence in the literature regarding the challenge of closing yield gaps is mixed [125, 126] . The annual rate of increase in crop yields is slowing in key production areas, causing concern that future gains might not keep pace with rate of increase in global food demand [127, 128] . Some authors suggest that improvements in soil and water management, facilitated in part by more affordable access to farm inputs in lower income countries, will be helpful in closing the existing yield gaps across a large portion of the world's agricultural landscape [129, 130] . The potential yield gaps likely are larger in rainfed settings than in irrigated areas, yet the challenges of increasing yields in rainfed areas also are substantial [131, 132] . In either setting, the desired increases in yield will take time, and progress will not be uniform, as outcomes will vary with soil and water conditions and with access to fertilizer [133, 134] . Li et al. [135] report that wheat yields on the North China Plain have increased by about 115 kg per ha per year, since 1981, thus substantially closing the farm-level yield gap. However, they report also that wheat yields are no longer increasing in some areas.
Other authors suggest that advances in plant genetics, agronomy, biotechnology, and animal science will provide the improvements needed in crop and livestock technology to achieve further increases in yields [136] [137] [138] [139] [140] [141] [142] [143] [144] . However, some authors question whether the needed advances can be developed, tested, and implemented broadly within the time available between now and 2050 [145] . Substantial public investments in crop and livestock science are needed to move research programmes forward, particularly those that largely will benefit smallholders [146] . However, even with adequate financial support, substantial time will be required for producing new cultivars with traits that meet both global and farm-level objectives [147] .
Livestock production and marketing are essential livelihood components for more than one billion poor persons in Asia and Africa [148] . Many of these persons are smallholders, for whom livestock represent a source of food and income, while serving also as a means for accumulating wealth. The increasing global demand for livestock products will create opportunities for smallholders to generate higher incomes, provided they have access to output markets and to the inputs and capital needed to expand their operations in sustainable fashion, while maintaining risk at acceptable levels [149, 150] .
Seeking Sustainability
While the potential for increasing crop and livestock yields and improving rural livelihoods through investments in technology, education, and outreach is substantial, continuous effort is needed also in developing agricultural practices and enterprises that manage natural resources wisely and do not impose excessive harm on the environment. The agriculture that thrives in 2050 and beyond must adapt to changes in weather patterns brought about by climate change, to changes in public preferences regarding environmental amenities, and to changes in food demands due to increasing incomes and changing demographics. This is no small order for a sector that involves much of the world's developed land and water resources, and still engages a large portion of the global population.
Some authors have characterized the quest for this new agricultural paradigm as that of seeking "sustainable intensification" or pursuing "climate-smart agriculture." Both phrases, as they are described in the literature, reflect the need to ensure the long-term viability of agriculture, with due consideration for natural resources, the environment, and climate change [151] . The first phrase also acknowledges the need to enhance productivity in future, by increasing the use of farm inputs in ways that have less impact on the environment than in current or earlier production settings. Both phrases express ideas, rather than providing a clear statement of the investments and changes in practices that a programme of sustainable intensification or climate-smart agriculture would require. Thus, the phrases are helpful in generating discussion, but they do not, by themselves, provide guidelines for achieving production outcomes that are sustainable or climate smart.
In a recent review of the sustainable intensification debate, Godfray [152] suggests that the perspective has stimulated helpful discussion of alternative agricultural models, yet further work in defining the production practices that are considered acceptable within the paradigm would provide greater clarity. Uphoff [153] urges caution in selecting specific practices before considering the notions of sustainability and intensification within a systems thinking perspective, and accounting more explicitly for the inherent inability to predict which practices and production models might actually be sustainable.
Garnett et al. [154] describe four premises supporting the sustainable intensification perspective: (1) Agricultural production must increase to achieve global food security goals; (2) Higher yields are essential to minimize environmental harm due to land expansion; (3) Protecting the environment is as important as increasing agricultural productivity; and (4) Achieving sustainable intensification is a goal, rather than a well-defined plan of action. The authors suggest also that sustainable intensification embeds goals pertaining to food and nutritional security, and sustainable economic development. Hanspach et al. [155] propose inverting that relationship by placing initial emphasis on achieving sustainable development, given that food insecurity is due largely to inadequate incomes, rather than the lack of food production. Vanlauwe et al. [156] suggest that sustainable intensification might not be pertinent in much of sub-Saharan Africa, where the average farm size is too small to intensify, and where many farmers must place the issues of risk and immediacy ahead of longer-term concerns. "Ultimately, the profitability of intensification will determine whether or not smallholders engage-its sustainability will not necessarily be their immediate concern [156] ."
Scholarly discussion of sustainable intensification and climate-smart agriculture, in addition to reports from development practitioners, will add clarity to both perspectives, over time [151, 157, 158] . Successful efforts to ensure food and nutritional security in future, in sustainable fashion, must reflect the inherent complexities regarding agriculture, the environment, and livelihoods, and the notable heterogeneity in farm structures and opportunities in rainfed, irrigated, large-scale, and smallholder settings [159] . The characteristics of sustainable, climate resilient agriculture likely will be different in each setting. The time and investments required to achieve sustainable intensification, where appropriate, also will vary with initial conditions and with expected case-specific outcomes, as viewed by farmers, as they are impacted most directly when implementing the recommended practices.
Capturing and Reusing Plant Nutrients
The large yields of grains and other crops achieved in many countries, are made possible, in part, by the application of large amounts of nitrogen and other plant nutrients each season. Plants utilize much of the applied nutrients in the process of carbon assimilation, yet some portion of the nutrients enter the atmosphere, runoff in streams, or seep into groundwater. The portion taken up by plants is conveyed to processing plants and dining rooms, and eventually to the wastewater stream leaving households, villages, and cities. As urbanization intensifies in many areas, and as the direct and indirect costs of nutrient use in agriculture increase, over time, the need to recycle the water and plant nutrients in municipal wastewater will become more evident and more urgent.
The cost of producing nitrogen fertilizer depends largely on the price of energy, as the process is energy intensive. Although energy prices have declined sharply in 2014 and 2015, it is likely that energy prices will resume their long-term upward trend in the not-too-distant future. Phosphorus is an essential plant nutrient that is produced largely by mining phosphate rock [160] . The supply of phosphate rock is ultimately limited and large portions of the remaining supply are located in just a few countries [161] [162] [163] [164] . Thus, there is some uncertainty regarding the security of newly mined supplies of phosphorus in future. Recycling the phosphorus in wastewater will extend the useful life of existing phosphate rock reserves, by reducing the demand for that source of phosphorus. There are mixed views in the literature, regarding if or when the world might exhaust its supply of phosphate rock [165] . An enhanced wastewater recycling programme, in which phosphorus, nitrogen, and other elements are obtained and reused, likely would be a wise hedging strategy from a global perspective.
There is also a sense of circularity or ecosystem closure in the notion of returning plant nutrients to farmland in the countryside, after food has been consumed in the city. The recovered nutrients can be used again to produce more food, and the cycle can be repeated. In addition, efforts to extend and intensify the capture and reuse of wastewater will reduce the negative environmental impacts of unregulated wastewater discharge into rivers and streams. In areas where the economics of wastewater recovery and reuse are positive, and local governments encourage private firms to engage in the activity for profit, wastewater management can become a widely acknowledged business enterprise that generates sustainable benefits for households, communities, and farmers [35] . The health risks to farmers, households, and consumers can be managed through appropriate policy interventions [166, 167] .
Investing in Sustainable Aquaculture
Fisheries and aquaculture are major sources of protein for much of the world's population, and the sectors support many livelihoods in both formal and informal economies [168] . An estimated 3 billion persons obtain about 20% of their intake of animal protein from the output of a capture fishery or an aquaculture operation [169] . An additional 1.3 billion persons obtain 15% of their protein intake from fish. These proportions represent averages across many countries. For individual countries, the shares can be much higher. In Gambia, Sierra Leone, and Ghana, the share of dietary protein from fish is higher than 60% [169] . The share ranges from 50% to 60% in Cambodia, Bangladesh, Indonesia, and Sri Lanka, where capture fisheries have long been important, and where aquaculture has developed rapidly since the 1990s [169] .
Aquaculture currently generates more than 50% of the fish and shellfish products consumed worldwide [170, 171] . More than 60% of global aquaculture production comes from China, while an additional 26% of production comes from other countries in southern and eastern Asia [171] . The Americas and Europe each account for about 4% of global aquaculture production, while Africa accounts for about 2% of the global sum. Although production in Africa is presently a small portion of global output, the rate of growth in African production has been quite high in recent years. African production has increased from about 81,000 tons in 1990 to 1.4 million tons in 2012, thus increasing by a factor of 18 within 22 years [171] . By comparison, China's production in 2012 (41 million tons) is about 6 times higher than its production in 1990 (6.7 million tons).
Across Africa, aquaculture employs about 920,000 persons and accounts for 0.15 percent of Gross Domestic Product [172] . These are small portions of the employment and income generated by both fisheries and aquaculture in Africa. The full sector employs about 12 million persons and generates annual income of about $24 billion, or 1.26% of African gross domestic income [172] . Yet, for the persons involved in small-scale aquaculture, often in conjunction with small-scale farming, the additional production and income enhance household food and nutritional security [173] . The increasing demand for fish and fish products in Africa presents a substantial opportunity for further expansion of small-scale, commercial aquaculture.
Fisheries and aquaculture provide livelihoods for many smallholders, often in conjunction with other activities, such as rice production, in which farmers utilize land and water for both fish and crops. In some areas, aquaculture competes with agriculture for water supply, and it impacts agriculture by degrading land and water quality. These and other environmental issues, including the use of fishmeal and fish oil as feed materials, and the off-site impacts of effluent from aquaculture operations will require policy intervention to ensure that aquaculture can continue contributing to global food and nutrition demands in a sustainable fashion.
Investing in Risk Management
Investments in agriculture and water, and policies designed to encourage wise use of resources, must recognize also the inherent risk and uncertainty in farming, particularly in smallholder settings, and also the potential impacts of climate change. Smallholders often are prevented from adopting new technologies or utilizing the appropriate amounts of farm inputs because they cannot risk losing their investment in expensive seeds or irrigation water if a dry spell or pest infestation destroys their crop. Programmes of crop insurance and access to affordable credit can assist in such situations, but they do not fully eliminate the farm-level risk.
Crop yields are determined in large part by the amounts of seeds or plants applied to each hectare, and the amounts of water, fertilizer, and chemicals used each season. Yet, yields also are influenced by weather, pests, and the timing by which inputs are applied. Farmers can manage the effects of weather and pests, to some degree, and they can choose the timing by which they apply key inputs, yet much of the resulting influence on crop yields is uncertain. The yield obtained in one season by applying 20 kg of seed, 100 kg of nitrogen, and 600 mm of irrigation water on a hectare of grain can be quite different from the yield achieved with the same inputs in a subsequent season, due largely to influences that farmers cannot control.
The nature of risk and uncertainty, and the degree of farm-level risk aversion vary across farms, with differences in farmer perspectives, household savings, access to crop insurance, crop choices, weather patterns, and market conditions. Perhaps the largest distinction is between farmers in higher income countries, with substantial savings accounts and crop insurance, and smallholder farmers in lower income countries with very limited savings and no access to insurance. The latter farmers often will limit their use of costly inputs, such as high-quality seeds and plant nutrients, as inadequate rainfall or a serious pest infestation can cause them to lose their entire expenditure. Smallholders can manage risk to some degree by diversifying their crop choices, but opportunities are limited in areas with very much or too little rainfall [174, 175] . Interventions that assist farmers in accommodating risk, such as index-based weather insurance, can be helpful in improving household income and welfare in such settings [176] .
Investments and programmes that enhance agricultural risk management, particularly for smallholders, will be critical in enabling farm households to adopt new technologies, diversify their activities, and sustain food security during periods of high input prices, low crop yields, and major weather events. In addition to insurance products, investments are needed also in infrastructure that enhances the availability and transport of farm inputs and crop and livestock products, and reduces the transaction costs of marketing farm produce. Such investments will increase the values that farmers generate with limited water resources, while also enhancing household food and nutritional security.
Investing in Water, Sanitation, and Health
Many poor households have inadequate access to clean water and sanitation. As a result, many women and children spend substantial time and effort fetching water for household use, and family members often suffer from ill health, caused by unclean or unsanitary living conditions. Such illness, and the time spent fetching and preparing water for use, reduce educational opportunities and limit labor productivity. Securing access to an affordable, safe water source can greatly enhance a household's likelihood of escaping poverty, by enabling family members to devote more time and effort to educational and productive activities.
Many rural households also lack secure title to the land and water they use to produce crops and raise livestock, as part of their essential livelihood activities. Many smallholders operate in rainfed settings, in which the crop water supply is inherently uncertain. Small reservoirs are helpful in capturing and storing rainwater for use in households or on crops, as needed, but not all farm households can afford such an investment, due partly to the cost of installation and partly to the opportunity cost of setting land aside from crop production. Efforts to assist farmers in constructing small reservoirs and training farmers to optimize rainwater harvesting would be helpful in many areas. Where water is available from an irrigation scheme or a wastewater treatment facility, many smallholders might benefit from assistance in securing a permanent or long-term right to receive some portion of the available water. Long-term security in land and water will motivate smallholders to invest in improving their crop, livestock, and aquaculture operations, as funds allow, over time.
In many areas of low-income countries, an investment in water can be viewed also as an investment in poverty reduction. The need for investments in water supply, water treatment, irrigation, drainage, flood control, and rainwater harvesting is quite large in many countries. Investors in the water sector can generate substantial improvements in livelihoods and greatly enhance the welfare of households, and communities across much of Africa and Asia. Yet, investments must be carefully planned, and they must account for many of the interactions and externalities that are inherent in water development projects. In many settings, the development of an irrigation scheme or construction of a rainwater harvesting structure in one location will enhance water supply for one set of users, while impairing the water supply for others. The impairment might be direct, in terms of the volume or flow of water available in an aquifer or stream, or it might be indirect, in the form of reduced flows to an estuary that supports an indigenous fishery or provides plant materials that are harvested each season by residents who produce crafts for sale in local markets. The best investments in water resources, from a poverty reduction perspective, will be those that enhance the volume and quality of water available for household use and production, while minimizing impacts on other water users and the environment.
Investments in drinking water supply, water quality, sanitation, and health care, with a particular focus on women and children, are essential to ensure that residents of urban and rural areas can fully utilize available food and nutrition, while not suffering from chronic diseases and other impairments that reduce household welfare and limit educational and productive opportunities. Good health is essential to successful utilization, and successful growth and development are essential to productivity, income generation, and food security. This virtuous cycle revolves around assured access to affordable clean water, sanitation, and health facilities.
Investing in Rural Economies
Many residents of rural areas earn income in non-farm activities. This is particularly true of landless households and women. Rural households with little or no land earn from 30% to 90% of their income in non-farm employment, while women account for one-quarter of the workforce in the rural non-farm economy lower income countries [177] . Households with insufficient land to rise above the poverty line in farming typically account for about half of rural families [178] . Most of the rural, non-farm households in lower income countries are poor, and in high density rural areas, most of the poor are landless or have too little land to support them in agriculture [178] . For those households, non-farm employment and viable opportunities for producing and selling non-tradable goods and services are essential.
Many farm households rely on income from non-farm employment to supplement farm income, and as a source of finance for farm inputs [177] . An estimated 65% of smallholder farmers in Latin America and the Caribbean rely increasingly on non-farm source of incomes to sustain their livelihoods [179] . The non-farm economy employs family members not needed to work full-time in smallholder farming operations. As the rural population density increases, so too does the importance of non-farm employment in providing livelihood opportunities for households with surplus labor, either seasonally or year-round. Quantifying the impact of non-farm employment on poverty reduction is challenging, due to inadequate data and the difficulty of identifying causality in environments where many macroeconomic variables change with time. Yet, it appears non-farm employment has accounted for substantial poverty reduction in some countries [177] .
Further work is needed to determine with accuracy the impacts of non-farm employment on poverty reduction, and the impacts of agricultural growth on the non-farm economy. However, it is likely that the success of commercially oriented smallholder farmers will lead to greater expenditures on non-tradable goods and services in the rural non-farm sector, thus enhancing economic activity and providing new employment opportunities. This will reduce poverty and improve food security in rural areas [178] .
Several authors in recent years have provided empirical evidence of the impacts of non-farm employment on household income and food security. In a survey of 220 farm households in Nigeria, Babatunde and Qaim [180] found that off-farm employment contributes to higher incomes, thus enabling greater consumption of calories and micronutrieints. Opportunities to earn off-farm income also significantly improved child height-for-age statistics in the villages in which the authors conducted their survey.
Kumanayake et al. [181] show that as rural households in Sri Lanka shifted from farm to non-farm sources of income, between 1990 and 2006, they became less poor. Education played a role in the ability of farm households to gain employment in the non-farm sector in Sri Lanka. Investments in education in rural areas can lead to greater participation in the non-farm economy, with consequent improvement in household welfare.
Wossen and Berger [182] , combined large-scale survey data with information collected from 292 randomly selected households in northern Ghana, in a simulation of the potential impacts of access to off-farm employment opportunities and improved access to financial credit on poverty and food security. The authors determined that households with access to credit and off-farm employment can increase their incomes substantially and enhance their food security, particularly when subject to climate and price variability.
Imai et al. [183] , using aggregate data collected in national household surveys in India and Vietnam, identified significant reductions in poverty and in vulnerability to shocks, for rural households engaged in non-farm employment. In addition, the authors report that employment in skilled jobs, such as in sales or professional activities, has a more notable impact on poverty and vulnerability than does employment in unskilled jobs, such as those involving manual labor. Thus, in India and Vietnam, while any form of non-farm employment is helpful in reducing household poverty and vulnerability, employment in skilled jobs is most desirable.
Policies and investments that enhance opportunities for off-farm employment in rural areas will increase incomes, reduce poverty, and enhance food security, particularly in areas where land and water resources are inadequate to support higher population densities. Higher incomes are essential to achieving food security, and in many rural areas, those higher incomes must come from new opportunities in off-farm employment.
Investing in Women
Much of the farming in Asia and Africa is conducted by women [38] . Yet, women often do not share the same status as men, regarding such issues as land tenure, water rights, access to credit, participation in outreach programmes, and representation in water user associations [184] [185] [186] . It is essential that the status of women be improved, so they may achieve the same degree of access as men, to the tenure, credit, and other inputs needed to produce and market crops successfully.
Efforts are needed also to encourage and support the role of women in agricultural research, extension, and teaching, and as representatives in farmer groups and marketing cooperatives. As agriculture intensifies and as new marketing opportunities arise for smallholders in lower income countries, interventions and investments must enhance the critical role of women in production and marketing activities. Policies and institutions must also acknowledge the role of women in the allocation of household income, with implications for food and nutritional security, and educational opportunities for children [148, 186] . Engaging and empowering women in deliberative processes pertaining to climate change will enhance the resulting policies and interventions [187, 188] .
Several studies provide empirical evidence of gender aspects of crop production and marketing. Ndiritu et al. [189] , in a survey involving 578 farm households in Kenya, find that women manage smaller plots than men, and they are less likely to adopt some sustainable intensification practices, such as manure application and minimum tillage. The authors find no gender differences in the adoption of other soil and water conservation practices, such as maize-legume intercropping, maize-legume rotations, improved seed varieties, and the use of chemical fertilizer. Such findings, while not fully explained, suggest that further work is needed to understand gender differences in the adoption of selected intensification practices.
The commercialization of smallholder agriculture provides opportunities for farmers to earn and retain higher revenues, as they gain access to a wider array of markets for their produce. One way in which smallholders can advance their participation in new markets is by forming cooperatives or farmer groups that interact in markets on behalf of the membership. Forming and joining farmer groups can modify crop choices and the distribution of farm income within households, if the representation and status of men and women in such groups are different. Fischer and Qaim [190] examine this issue, using data pertaining to banana production in the highlands of central Kenya.
Tissue culture propagation of bananas, in combination with a new mix of productive inputs, has enabled farmers in Kenya to achieve higher yields, thus providing the opportunity to expand their sales in commercial markets. Many smallholders have joined farmer groups that interact with potential buyers, and sell large lots of bananas at collectively negotiated prices. Membership in the groups is individual, and both men and women may join, yet the elected leadership generally is male dominated [190] .
Using data from a survey of 444 member and non-member farm households, Fischer and Qaim [190] test hypotheses regarding the impacts of farmer groups on crop production and revenue, women's control of farm revenues, and household nutrition. The authors find that farmer groups tend to increase male control of banana production and revenues. This does not influence the number of calories consumed in the household, but it does have a negative marginal impact on dietary quality, perhaps due to differences in male and female spending preferences. Most notably, female membership in the groups can have a positive impact on the share of income controlled by women.
There are notable gender differences, also, in the formation and productivity of rural non-farm enterprises. In a study of survey data collected by the World Bank in Bangladesh, Ethiopia, Indonesia, and Sri Lanka, Rijkers and Costa [191] find that women are less likely than men to start a non-farm enterprise (with the exception of Ethiopia), women's enterprises tend to be small and home based, and firms operated by women are less productive, as measured by sales per worker (with the exception of Indonesia). Male managers generally are better educated than female managers, yet the authors do not find evidence that differences in human capital account for gender differences in firm performance. The authors also find no support for the hypothesis that gender productivity differences are due differential gender impacts in the local investment climate [191] . Further work is needed to understand fully the gender aspects of the rural non-farm economy in lower income countries.
Although women are responsible for much of the farming in Asia and Africa, many of the institutional settings that influence agriculture are not supportive of women's role in the sector. More appropriate institutions, supportive policies, and strategic investments are needed to enhance the role and success of women in agriculture, particularly in production, but also in research, education, and outreach. Policies that enhance women's security of land tenure, water rights, access to credit, and representation in water user associations and farmer cooperatives are essential. So, too, are programmes that encourage women to enter careers in agricultural research, extension, and teaching.
Water Policy, Institutions, and Incentives
With increasing competition for water in agriculture and other sectors, national and provincial governments will need to communicate water scarcity conditions effectively, and ensure that farmers, firms, and consumers use water wisely. They must also allocate water with the right mix of concerns for equity and efficiency. Economists often promote pricing as an effective mechanism for communicating scarcity conditions. Yet, pricing water often is difficult to implement, for political or cultural reasons, and water tariffs can be difficult to modify, once in place [192] [193] [194] . Nonetheless, it is helpful to consider water prices as a policy option, alongside other interventions, such as water allocations, withdrawal limits, pumping restrictions, rotational deliveries, and cropping pattern restrictions.
In areas where implementing higher prices is not yet politically feasible, public officials might consider implementing water allocations. Such an approach can be just as effective in communicating scarcity conditions, as a programme involving higher water prices. When the volume of water available in a river basin or irrigation district is limited, the aggregate volume can be divided among water users by assigning to each a pro-rated portion of that volume. When farmers know their water supply is limited, they have an incentive to optimize the values they obtain with the amount of water they receive.
Incentive programmes can encourage water users to improve water management practices in both irrigated and rainfed settings. In agriculture, public support for investments in land leveling and the purchase of drip or micro-sprinkler systems can be helpful, where appropriate, although such investments might not result in aggregate water savings. Industries also respond positively to subsidies for investments in water-saving processes and in wastewater capture and reuse. Such programmes are helpful, also, when implementing higher water prices. The higher prices modify the incremental price of water as desired, while the subsidies can limit the increase in the total cost of adjusting to higher water prices, from the water user's perspective.
Conclusions
Water resources and food production will be sufficient to support a global population of 9 to 10 billion in 2050, but many of the poor will struggle to retain access to water for household use and production, and many will remain food insecure. The primary cause of food insecurity will continue to be poverty, rather than inadequate food production. Thus, policy makers need to implement programs and encourage investments that will increase the incomes of the poor. Public and private investments that promote growth in sustainable agriculture and provide non-farm employment opportunities in rural areas of lower income countries will be most helpful.
Policy makers must ensure that farmers retain access to the water they need for producing food and sustaining livelihoods, particularly as increasing urbanization places additional pressure on land and water resources. They must create greater opportunities for women in agriculture, and they must motivate the development and adoption of new technologies that will enhance crop and livestock production, particularly for smallholders. Private sector investments also are essential to speed the pace of creating viable employment opportunities in rural areas. Public officials must communicate scarcity conditions by implementing the right mix of pricing policies, resource allocations, and incentives. Finally, all policies and investments must also account for the likely impacts of climate change on agriculture and on the livelihoods of smallholders.
